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Abstract  
The coastal landscape in Denmark is characterized by multiple areas of geologic, biologic and recreational interests both national and international. In the later years several guidelines have been set up for the coastal protection area. The aims for the future are to ensure the presence of naturally shaped beaches while at the same time the risk for erosion is reduced. For this reason beach nourishment is used widely along the Danish North Sea coast (called West Coast) and this method is preferred in preference to put up solid constructions. 
Beach nourishment is the primary method used by the Danish Coastal Authority. However problems have occurred in describing the spatial distribution of medium grain size d50 and the gradation U of the sediment used for beach nourishment. At the same time the sedimentary composition determines how fast the nourished beach is eroded and how the beach is shaped. 
The aim of the present investigation was to examine how to extract sand samples of an actual beach nourishment to obtain a satisfactory description of the sedimentary composition. In specific the goal was a description of the variation of the sand characteristics in space. The reason for this is that the compositions of sand affect the erosion and the shaping of the beach.
The results show that by collecting 13-15 sand samples it is possible to obtain a description of d50 with a precision of 0.1 mm within a confidence interval of 95-99 %. If a precision of 0.05 mm is wanted, it is necessary to collect 67-94 sand samples. It is recommended to collect 13-15 samples, spaced evenly along a line throughout the nourished beach. Furthermore it is recommended that the samples shall be collected half way between the waterline and the dune, at a depth of approx. 0.50 m. The resulting precision of the grading U is then between 0.82-1.09.



The Danish West Coast
The Danish West Coast consists of approximately 400 km of long sandy beaches. These beaches are extremely nice with fine white sand, and they attract some million tourists every year. The tourists are mainly people from Denmark, Germany and Norway. 
Besides the recreation the beaches serves a purpose of protecting parts of Denmark placed behind the dunes. In general Denmark is very low and during storms a severe risk of flooding exists.  
The wave height off the cost is typical 1-3 meter significant wave height with a hundred years return wave height of slightly more than 10 meter. During storm events the wind/wave setup reaches typically 3 meter with extreme high water levels in the order of 5 meter.
The West Coast is a very dynamic area. The longshore sediment transport is in the order of 250,000 m3 to 1,000,000 m3 sand per year. It is understandable that without any control of the beaches they would change from year to year. If the beaches not were maintained there would be a recession in the order of 1-4 meter per year.
Since 1922, the Danish Coastal Authority has had the right and the duty to maintain the West Coast. In the past control was mainly done through building groins, and approximately 100 groins have been build along the coast line. During the last 10-20 years this practise has slowly changed to a new practise based on beach nourishments. Now, beach nourishment is the primary method used by the Danish Coastal Authority to protect the coast. In 2005, 3,6 million m3 sand was pumped onto the beaches along the West Coast.
The beach nourishments are typically performed by pumping sand onto the beach from a ship operating on 10 meters water depth. Typically, this is a few kilometres from the coastline. 
However problems have occurred in describing the spatial distribution of medium grain size d50 and the gradation U of the sediment used for these beach nourishments. These parameters are important because they determines how fast the nourished beach is eroded and how the beach is shaped. Furthermore they are used for calculation of the amount the Coastal Authority has to pay for the work.






Field measurements
In 2005, 721,000 m3 sand was added to a 4.7 km long section of a natural beach along the Danish West Coast. The goal was to add 155 m3 sand per m coast by pumping sand onto the beach.
Figure 1 shows the location of the beach nourishment. To the right, a map of Denmark is seen. To the left the location where the sand samples were taken is shown.

Figure 1. Location of the study area on the coast (left) and within Denmark (right).





Figure 2a shows the location of the project, and figure 2b shows the chosen location for taking sand samples.

	
Figure 2. Left side show location of the project area. Right side the location for taking sand samples (Copyrigth COWI).


Figure 3. The chosen test area (after nourishment) was subdivided into a 5 x 5 m sampling grid. 

  

Figure 4. Test samples were taken at 0.15 m, 0.50 m and 1.00 m depth 

In total 198 samples were taken from a 5 x 5 m grid, and transported to Aalborg University where they were analysed. After drying the soil samples at 105 °C for 24 hours they where sieved in a sieving apparatus. After reweighing the samples, average grain size d50 and gradations were calculated.
Further sand samples were also taken in a coarse grid 5 x 200 meter. 

Field measurements
Figure 5: Variation of d50 at 1 m depth (bottom of the figure is towards the sea).


Figure 6: Variation of d50 at 0.5 m depth (bottom of the figure is towards the sea).



Figure 7: Variation of d50 at 0.15 m depth (bottom of the figure is towards the sea).

Figures 6-7 gives the variation of d50 as measured in 1 m depth, 0.5 meters depth and 0.15 meters depth. It is obvious that the average grain size decreases with decreasing distance to the sea.


Figure 8: Frequency distribution of calculated average grain size d50 for all 198 samples.
From figure 8 it can be seen that most frequent grain sizes are in the range of 0.27-0.31 mm equalling the textural range of fine to medium sized sand.



Figure 9: Frequency distribution of calculated gradation U for all 198 samples


From figure 9 it can be seen that the gradation is approximately 4 for all the samples.
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Figure 10: Average grain size as function of location. F is closest to the water line. 

Figure 10 shows that the average grain size decreases the closer one get to the water line. It also shows that the grain size decreases the higher in the profile the sample is taken.
Both these relations are quite sensible, and they are caused by the pumping of the sand. The small grain sizes have a smaller settling velocity, and the will easier float towards the water line.
Figure 10 also demonstrate the problem of classifying the grain size. In estimating the lifetime of the nourishment (or the erosion) a difference in grain size from 0.40 mm to 0.27 mm will increase the estimated erosion (lifetime) with up to a factor 3-4.

The question is: How to decide on the grain size?
If it is assumed that samples are taken random, and the grain size is calculated as average of the grain sizes from these samples figure 11-12 can be produced. The figures 11-12 give the necessary number of samples given a requested confidence level.







Figure 11: Necessary number N of random sand samples needed to obtain a certain accuracy with 95% confidence. The red line represents the reference value 0.291 mm



Figure 12: Necessary number N of random sand samples needed to obtain a certain accuracy with 99% confidence. The red line represents the reference value 0.291 mm 




Table 1: Necessary number of samples needed in order to estimate average grain size with given confidence.
Necessary number of samples N	Precision wanted 0.01 mm	Precision wanted 0.005 mm
Confidence level 99 %	15	94
Confidence level 95 %	13	67


Conclusion
The paper presents field observations from a beach nourishment performed at the Danish West Coast in 2005.
More than 200 sand samples were taken in order to look into the variability of the parameters describing the sand. In specific the variability of the average grain size in space has been examined.
Very large variations were seen over the nourishment. Almost a factor 2 could be observed within distances in the order of 10-30 meter.
An uncertainty of plus minus 50% on the average grain size will lead to an uncertainty of a factor 2 on the estimated lifetime of the nourishment.
If an uncertainty (Precision) of 0.01 mm on the estimate of the average grain size is requested with 99% confidence it is necessary to take 15 samples. Nevertheless, knowing the distribution of the grain sizes across the beach profile, this figure can be reduced if the samples are taken across the beach profile.
It is recommended to take 5-10 samples evenly distributed across the beach profile. All samples should be taken at a depth of 0.5 meter. 
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